Summary. Insulin resistance in Type 1 (insulin-dependent) diabetes mellitus may be associated with raised erythrocyte sodiumqithium countertransport activity in patients with hypertension, or nephropathy, or both. However, in these circumstances it is difficult to separate the impact of hypertension, hyperlipidaemia and nephropathy on erythrocyte sodium-lithium countertransport from that of insulin resistance. We have therefore examined the relationship between insulin-mediated glucose disposal and erythrocyte sodiumlithium countertransport in 41 normotensive (mean blood pressure 120/74 mm Hg), normoalbuminuric (mean albumin excretion 6.2 gg/min), normolipidaemic (mean serum cholesterol 4.3 mmol/1 and mean serum triglycerides 1.0 mmol/1) Type l diabetic patients. Erythrocyte sodium-lithium countertransport was on average 0.31 mmol Li.h-l.1 erythrocytes -~ (range 0.07-0.69). Nine patients had values above 0.40 mmol Li. h -1.1 erythrocytes -1 (0.51 _+ 0.10 mmol Li. h-1.1 erythrocytes-1). The patients with high erythrocyte sodium-lithium countertransport were matched for age, sex, BMI, HbA~ and duration of diabetes, with nine patients with normal erythrocyte sodium-lithium countertransport. Insulin-mediated glucose disposal was evaluated during the last hour of a euglycaemic clamp (insulin 0.015U.kg-l.h-1; blood glucose clamped at 7.0 mmol/1). The free insulin levels were comparable between the patients with high and normal erythrocyte sodium-lithium countertransport (37.2 + 14.7 mU/1 and 34.7 + 17.2 mU/1 respectively). Insulin-mediated glucose disposal was on average 3.1 + 1.5 (range 0.8-6.8) mg.kg-l.min -I. Erythrocyte sodium-lithium countertransport did not correlate with insulin-mediated glucose disposal in all 41 cases (rs = -0.14), but when the matched groups were compared, patients with raised erythrocyte sodiumlithium countertransport had lower insulin-mediated glucose disposal rates compared to those with normal erythrocyte sodium-lithium countertransport (2.7+1.1 vs 3.9 + 1.3 rag. kg -1. min-1; p = 0.044). In these 18 patients a significant inverse relationship was found between erythrocyte sodium-lithium countertransport and insulin-mediated glucose disposal (rs = -0.62; p = 0.003). Raised erythrocyte sodium-lithium countertransport appears to be associated with insulin insensitivity in Type 1 diabetes, even in the absence of hyperlipidaemia, hypertension and nephropathy.
It has been suggested that increased erythrocyte sodiumlithium countertransport activity (SLC) may be a genetic marker for essential hypertension [1, 2] . The role of elevated SLC as a risk marker for diabetic nephropathy in Type 1 (insulin-dependent) diabetes mellitus is more controversial [3] [4] [5] [6] . It is known that environmental factors can affect SLC [7, 8] , and an association has previously been shown between SLC and serum lipids in nondiabetic populations [8] [9] [10] [11] . Insulin resistance has been associated with high SLC in both essential hypertension [12] and in hypertension complicating Type 1 diabetes [13] . More recently an association has been reported between raised SLC and insulin resistance in a mixed population of normo-and microalbuminuric diabetic patients [14] , but under these circumstances it is difficult to separate the impact of hypertension, hyperlipidaemia and nephropathy on SLC from that of insulin resistance.
In the present study we have therefore examined the relationship between insulin-mediated glucose disposal and SLC in normotensive normolipidaemic normoalbuminuric Type 1 diabetic subjects.
Subjects and methods
Forty-one (31 male, 10 female) normotensive normoalbuminuric normolipidaemic Type i diabetic subjects were selected on the following criteria: continued insulin treatment from the time of diagnosis and post-prandial serum C-peptide concentrations less than Values shown are mean + SD.Forcomparisonbetweenmatchedpafientswithelevated or normal SLC ap =0.044, bp <0.01;M, Insulin-mediated glucose disposal 0.40 nmol/1 (below detection limit of the assay in 22 cases), blood pressure less than 160/90 mmHg, albumin excretion rates less than 30 gg/min in at least two overnight urine collections, and fasting total serum cholesterol and triglycerides less than 6.5 and 2.1 mmol/1, respectively. All patients gave informed consent and the study was approved by the Joint Ethics Committee of the Newcastle Area Health Authority and the University of Newcastle upon Tyne. All subjects were under the age of 50 years and duration of diabetes ranged from 2 to 23 years (median and mean duration, 10 years). All were treated with 2-4 daily injections of subcutaneous insulin and they had no admissions with diabetic ketoacidosis in the preceding year. The ten women studied were receiving treatment with the low dose combined oestrogen-progesterone oral contraceptive but none of the patients were taking other medication. None of the subjects had symptoms or signs of peripheral neuropathy and all had normal cardiovascular and pupillary tone using age-and genderrelated normative ranges for classification [15, 16] . Background retinopathy was documented in four cases and one patient had proliferative retinopathy.
Each patient with SLC greater than 0.40 mmol Li. h i. 1 erythrocytes -1 (erys -1) was matched to a patient with normal SLC for age, sex, BMI, HbA1 and duration of diabetes. We selected 0.40 mmol Li-h-1.1 erys 1 as the upper limit of the reference range since SLC was less than this value in 50 healthy normotensive control subjects in our own laboratory (range 0.10-0.39) and this cut-off value is in keeping with previous findings from other centres [14] .
HbA1 was measured by electroendosmosis (Coming Medical, Palo Alto, Calif., USA; reference range 5.0-7.5 %, inter-assay coeffident of variation (CV) 3.7 % ). Whole blood glucose was measured by a glucose oxidase method on a Yellow Springs Analyser (YSI 23AM; Yellow Springs Instruments, Yellow Springs, Ohio, USA; inter-assay CV 1-3 %). Free serum insulin was measured by RIA after precipitation of the antibody-bound insulin with polyethylene glycol [17] , using a modified version of the method of Soeldner and Slone [18] , with an in-house antibody (inter-assay CV 6.8-7.5 %). Serum C-peptide was measured by RIA using ethanol precipitation- [19] . Serum cholesterol was measured by a cholesterol oxidase method on a Cobas Bio fast centrifugal analyser (Roche Products Ltd., Welwyn Garden City, Hefts, UK) using a commercial kit (number 725242) supplied by Boehringer Mannheim (Lewes, East Sussex, UK). Between batch CVs ranged between 1.5 to 2.2% for cholesterol concentrations ranging from 3.9 to 10.3 mmol/1. Serum triglycerides were measured by a lipase-glycerol kinase method without correction for free glycerol on the Cobas Fara centrifugal analyser using a commercial kit (both supplied by Roche Products). Between batch CVs were 3.0 to 3.2% with triglyceride standards ranging from 2.31 to 3.47 mmol/1. Urinary albumin was measured by sensitive single-antibody RIA with precipitation by polyethylene glycol 6000 [20] . The inter-assay coefficient of variation was 6.9 % at 6 gg/min, and the albumin excretion rate from a further single 24 h urine collection was used in the analyses. Serum creatinine was measured by a multi-channel auto-analyser.
SLC was measured by a method based on that described by Canessa et al. [1] and previously reported in detail [2, 8, 21] . Venous blood was collected into tubes containing lithium heparin, centrifuged and the erythrocytes were incubated in lithium-loading solution (140 mmol/1 LiC1, 10 mmol/1 Li2CO3, 10 mmol/1 glucose, 10 mmol/1 Tris-acetate, gassed with 95% 02/5% CO2, pH 7.5, 290 + (standard error, SE) 2 mosmol/kg for 1.5 h. The mean intracellular lithium concentration after this loading procedure was 7.36_+ SE (0.41) mmol/1. The erythrocytes were then washed once with MgCI2 (288 _+ (SE) i mosmol/kg) and twice with choline medium (139 mmol/1 choline chloride, 1 mmol/1 MgC12, 10 mmol/1 glucose, 10 mmol/1Tris-acetate, pH 7.4,290 + (SE) 2 mosmol/kg). During the final wash the cells were incubated with the choline medium for 10 min at 37 ~ to allow pH equilibration so that the mean intracellular pH was 7.38 _+ (SE) 0.02. After the final washing, the packed cell volume of the erythrocytes was measured using a micro-haematocrit and a 0.2 ml portion was incubated in either 1.2 ml of choline medium (as above) or 1.2 ml of sodium medium (150 mmol/1 NaC1, 1 mmol/1 MgC12, 10 mmol/1 glucose, 10 retool/1 Tris-acetate, 10 -4 mol/1 ouabain, pH 7.4, 290 + (SE) 2 mosmol/kg). Samples were taken after incubation for 1 and 2 h at 37 ~ After centrifugation of incubation mixtures at 2000 g for 3 min, 200 gl of supernatant was mixed with 2 ml of 1.65 mmol/1 CsC1 and the lithium content was measured with an IL943 flame photometer. The sodium-lithium countertransport activity was determined as the difference between lithium effiux from erythrocytes in the sodium and choline media. Osmolality was measured with a Camlab osmometer and adjusted as appropriate. Variability of 8LC was assessed in 14 healthy subjects (SLC range 0.10-0.35 mmol Li.h -1.1 erys -1) on at least two occasions within the space of 1 year, and the between batch coefficient of variation was 8.2 %.
Euglycaemic clamp
Patients attended the laboratory following an overnight fast having omitted their morning dose of insulin. Polyethylene catheters were inserted under local anaesthesia with 1% lignocaine. The first was inserted into an antecubital vein (for infusion of insulin and glucose) and the second retrogradely into a dorsal hand vein and the forearm was warmed in a box set at 55 ~ Samples of arterialised venous blood were taken at 10 min intervals for blood glucose analyses. Following a 30 min period of rest with the catheters in situ, a baseline blood sample was taken for measurement of SLC, HbA1, serum lipids and C-peptide. Thereafter a continuous insulin (Human Actrapid; Novo Nordisk, Crawley, UK) was started (0.015 U. kg-t. h-1). The aim was to achieve and maintain a blood glucose concentration of 7 mmol/1 whilst avoiding both extreme hyperinsulinaemia and glycosuria. A 20 % glucose infusion was started when the blood glucose level fell below 8 mmol/1 in those cases where the fasting blood glucose was greater than 8 retool/1 and commenced simultaneously with the insulin infusion in the other cases. After a 2-h equilibration period, the blood glucose was clamped at the target value by the adjustable infusion of the glucose solution.
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The insulin-mediated glucose disposal (M) was determined during the last 1-h of the clamp by calculating the amount of glucose infused (mg. kg-1. min-1) [22] . In all cases, the CV of blood glucose was tess than 5 % during the last hour of the clamp (average 2.9; range 1.1-4.7 %). Eight patients showed minor degrees of glycosuria (mean 34 gmol/min; range 1-150 gmol/min) during the clamp and in these the M was corrected according to the urinary loss of glucose. Intra-individual variability of M was of the order of 20 % in healthy subjects (unpublished data).
Statistical analysis
Data are expressed as mean _+ SD unless otherwise stated. Possible associations between M and other variables were examined using the Spearman correlation coefficient.
Relationships were tested in the overall population (41 patients) and in the two matched groups separately, and pooled together (18 patients) . Comparisons between the nine patients with SLC greater than 0.40 mmol Li. h-1.1 erys-1 and the matched patients were made by using the t-test for unpaired data.
Results
SLC was on average 0.31+0.13 (0.07-0.69) mmol Li. h-l.1 erys -1. Overall the glucose disposal (M) ranged between 0.78 and 6.77 mg-kg-1. rain-1 (mean 3.1 + 1.5 mg. kg-1. min-1). The serum insulin levels during the last hour of the clamp ranged between 9.3 and 75.5 mU/1 (median 28.4 mU/l). There was no difference between serum insulin levels of the matched patients with high and normal SLC. SLC overall was not significantly correlated with M (rs = -0.14) (Fig. 1) , with the fasting free insulin (rs = 0.09), fat free mass (rs = 0.10), BMI (rs = -0.03), serum triglycerides (r~ = 0.13), systolic blood pressure (rs= 0.11), daily insulin dosage (r~= 0.24), Cpeptide (rs = 0.13), or duration of diabetes (r~ = -0.06). There was a weak association between SLC and diastolic blood pressure (r~ = 0.28; p = 0.038). The average insulin levels during the last hour of the clamp were not correlated with simultaneous glucose disposal (r~ = -0.06).
Those nine patients with SLC greater than 0.40 mmol Li.h-l.1 ery -1 (0.50+0.10mmol Li.h-l.1 erys -1) were well matched with nine patients with normal SLC (0.28 + 0.07 mmol Li. h-1.1 erys-1) for age, gender. BMI, HbAI and duration of diabetes. When data in these 18 matched patients were considered separately SLC was correlated with M (r~ = 0.62; p < 0.01) (Fig. 2) and patients with SLC greater than 0.40 mmol Li-h -1-1 eryshad a lower M compared to patients with SLC less than 0.40mmol Li-h-l-I erys -1 (2.7+1.1 vs 3.9+1.3mg. kg -1. min -1. p = 0.044). In this subgroup SLC was not correlated with serum insulin, fat free mass, blood pressure. serum lipids, insulin dosage, C-peptide or duration of diabetes (data not shown). Separate analysis of the two groups of nine matched subjects did not demonstrate statistically significant differences between the groups (SLC vs M, r~ --0.61 and rs = -0.31 respectively, in the groups with normal and elevated SLC), reflecting the small sample size and wide confidence intervals of the correlation coefficients.
Discussion
Raised SLC has been recently associated with decreased sensitivity to exogenous insulin in patients with essential hypertension [12] and hypertensive or microalbuminuric Type 1 diabetic patients [13, 14] . It is however known that both essential hypertension and nephropathy can themselves account for the decreased sensitivity to exogenous insulin [23] [24] [25] . In order to assess if raised SLC was associated per se with decreased insulin sensitivity we have tried to avoid possible confounding factors in the present study. For that reason we excluded not only microalbuminuric diabetic patients but also those with hypertension, autonomic neuropathy, hyperlipidaemia or very poor blood glucose control.
In this setting we found that SLC is associated with a degree of insulin insensitivity even in uncomplicated insulin-dependent diabetic patients. However, this relationship is weak. Our Type i diabetic patients had a wide range of M values and the relationship was significant only in the case of matched patients. Comparison of matched patients above and below the cut-off point of 0.40 mmol Li-h -1-1 erys -1 showed a modest but significant difference in the M value. This confirms the suggestion that Type i diabetes is characterised by insulin insensitivity of a considerably varying degree [24] , and that the independent influence of insulin sensitivity on sodium-lithium countertransport is at best modest.
Several earlier studies described associations between SLC and indices of cardiovascular or renal dysfunction in Type i diabetes and essential hypertension [1-6, 11-14, 21, 23, 26] . The common inherited nature of elevated SLC in diabetic nephropathy and essential hypertension, however, is the subject of contention, in part due to different meihodologies used in measuring SLC activity [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In addition there is now evidence that the kinetics of SLC activity may be quite different in essential hypertension, uncomplicated and complicated Type i diabetes [21, 26, 27] . Irrespective of such concerns, the present association between insulin resistance and increased SLC seems to be genuine, having been recorded previously in patients with essential hypertension [12] , hypertensive albuminuric Type i diabetic patients [13, 14] , and in normoglycaemic predominantly normotensive individuals [8] . The association between SLC and insulin sensitivity may be even stronger in patients with essential hypertension and diabetic nephropathy due to the respective additional impact of hypertension and albuminuria on insulin sensitivity and hyperlipidaemia.
In the present study we used a low-dose insulin clamp to enable us to assess both SLC and insulin sensitivity at comparable serum insulin concentrations, thereby avoiding extreme hyperinsulinaemia, which may itself influence SLC [8] . Our target blood glucose was 7.0 mmol/1, and our achieved average insulin level was 37 mU/1, thereby possibly underestimating total insulin resistance. Thus, the study is not strictly comparable to previous assessments of insulin sensitivity and SLC, although in a broad sense the findings are the same.
Different hypotheses have been put forward to explain the inverse relationship between SLC and insulin sensitiv-55 ity. Elevated SLC could be the consequence of altered ion exchange across cell membranes as a result of resistance to the action of insulin. Alternatively insulin resistance may be secondary to increased SLC through a decrease in the interstitial insulin concentration due to sodium retention and expansion of the sodium pool or impaired insulin transport from blood to interstitium. Insulin insensitivity and raised SLC could, however, have been common end points of an unrelated pathological process which led to altered membrane composition or membrane fluidity or both. An association between membrane fluidity and the insulin receptor concentration on the cell membrane has been previously reported [28] .
The suggestion that insulin insensitivity could be a pivotal factor in the pathogenesis of cardiovascular disease in Type 1 diabetes [29] could be particularly relevant when SLC is raised, even before the development of hypertension, hyperlipidaemia or nephropathy.
